Mechanisms for the possible transfer of antimicrobial resistance genes between staphylococci and enterococci remain poorly defined. We have previously reported the transfer between Enterococcus faecalis strains of a multiresistance chromosomal element (␤-lactamase positive and resistance to erythromycin, gentamicin, mercuric chloride, streptomycin, and tetracycline) which we have tentatively designated Tn5385. Tn5385 is a composite of several smaller transposable elements, including Tn5384, a 26-kb composite transposon conferring resistance to erythromycin, gentamicin, and mercuric chloride. Analyses of 7 kb within Tn5384 and flanking sequences within the larger element revealed sequences characteristic of staphylococcal ␤-lactamase and small, mobilizable plasmids flanking a region with a sequence identical to those of the replication genes previously described for enterococcal and streptococcal broad-host-range plasmids. These diverse regions are linked by insertion sequences IS256 and IS257 in a manner which suggests a series of cointegration events as the genesis of the current relationship. Taken together, these data suggest that Tn5384 and the larger element within which it is incorporated (Tn5385) evolved at least in part as a result of cointegration between an enterococcal broad-host-range plasmid and staphylococcal ␤-lactamase and small mobilizable plasmids. These results implicate broad-host-range plasmids in the transfer of resistance determinants from staphylococci to enterococci.
The discovery of several identical antimicrobial resistance genes in enterococci and staphylococci suggests that genetic transfer between the two genera takes place in nature. Specific mechanisms for the transfer of resistance determinants between enterococci and staphylococci, if they exist, remain poorly defined. Understanding the mechanisms of intergeneric resistance determinant transfer will be an important step in the development of effective strategies for preventing both the continued spread of currently existing determinants and the dissemination of those likely to follow.
Transfer in vitro of broad-host-range plasmids such as pAM␤1 (originally described in Enterococcus faecalis) and pIP501 (originally identified in Streptococcus agalactiae) into other streptococcal species as well as into staphylococci, Bacillus, and Clostridium, among other genera (1, 4, 14) , suggests one possible mechanism for the transfer of resistance genes between disparate gram-positive genera in nature. In support of this possibility, homology has been noted between the chloramphenicol resistance gene of pIP501 and those found on small, mobilizable staphylococcal plasmids (23) .
Within the chromosome of clinical E. faecalis CH116 resides a ca. 60-kb transferable element which we have tentatively designated Tn5385. Tn5385 encodes multiple antimicrobial resistance determinants (␤-lactamase production and erythromycin, gentamicin, mercuric chloride, streptomycin, and tetracycline resistance) (15) (16) (17) (18) (19) (20) . Tn5385 is a composite of several smaller mobile elements including an 18-kb conjugative transposon (Tn5381) conferring resistance to tetracycline and minocycline (20) , a 26-kb transposon (Tn5384) conferring resistance to erythromycin, gentamicin, and mercuric chloride (15) , and a Tn552-like staphylococcal ␤-lactamase transposon (16, 18, 19) . Tn5384 itself is a composite element whose ends are formed by directly repeated copies of the staphylococcal and enterococcal insertion sequence (IS) IS256, one copy of which has inserted within the blaR1 regulatory gene of the Tn552-like element (16, 19) . In all, Tn5384 contains three copies of IS256, two of which flank the aac-6Ј-aph-2Љ bifunctional aminoglycoside-modifying enzyme gene at the left end of the element (as shown in Fig. 1 ) in a configuration similar to that described for Tn4001, a gentamicin resistance transposon originally described in Staphylococcus aureus (8) . We previously reported that the region to the right of the unique EcoRI site with Tn5384 (9 kb in size) is characteristic of staphylococcal ␤-lactamase plasmids, including the putative transposition and regulation genes of staphylococcal ␤-lactamase transposon Tn552, an open reading frame with Ͼ90% sequence homology with staphylococcal invertases, an intact copy of staphylococcal IS element IS257, and a portion of the staphylococcal organomercurial lyase (merB) gene (15) .
In this paper we present a further characterization of Tn5384 and flanking sequences within the larger transferable element Tn5385. The data suggest that Tn5384 and Tn5385 evolved at least in part as a result of cointegration between an enterococcal broad-host-range plasmid and staphylococcal ␤-lactamase and small, mobilizable plasmids.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. faecalis CH19, CH116, and JH2-7 have been described previously (6, 17) . CV34 is a transconjugant resulting from a mating between CH116 and JH2-7 in which all of the resistance determinants (encoded within the transferable element Tn5385) have transferred to the chromosome of the recipient strain. pCWR12, in which Tn5384 has transposed into conjugative plasmid pLRM1 (15) , was used as the source for the original clones of internal Tn5384 sequences for these experiments. Escherichia coli DH5␣ was used for all transformation experiments (5). Plasmid pUC18 (Bethesda Research Laboratories, Gaithersburg, Md.) was used as a vector for all cloning experiments except those involving PCR products, in which case pCRII (Invitrogen, San Diego, Calif.) was used. Inserts from recombinant plasmids pCWR260 and pCWR268 (3.8-and 3.2-kb internal ClaI fragments of Tn5384, respectively, cloned into pUC18) were digested with either HindIII or DraI, and the restriction fragments were ligated to pUC18 to create subclones of a suitable size for sequencing experiments. The bacterial strains and recombinant plasmids used in these experiments are listed and described in Table 1 .
DNA techniques. pCWR12 was extracted from E. faecalis JH2-7 as described by Ehrenfeld and Clewell (3) . Crude plasmid preparations were digested with restriction enzymes, and fragments were separated on 0.8% agarose gels. Fragments targeted for cloning were excised and purified with a glass bead preparation (Geneclean; Bio 101, Inc., La Jolla, Calif.). pUC18 was digested with restriction enzymes and ligated to insert fragments with T4 DNA ligase (Promega, Madison, Wis.) at 14°C overnight. E. coli DH5␣ were transformed by electroporation (Gene-Pulsar; Bio-Rad, Hercules, Calif.). Electroporation settings were as described previously. Selection for transformed colonies occurred on LuriaBertani (LB) agar with ampicillin (100 g/ml) overlaid with 2% 5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside (X-Gal; 50 l) prior to inoculation of transformed cells. Colonies with recombinant plasmids were identified by their white color. Transformed colonies were purified, and plasmids were analyzed by restriction digestion and agarose gel separation after extraction by a standard alkaline lysis technique. Further subcloning was performed by ligating HindIII or DraI fragments of cloned inserts into HindIII-or SmaI-digested pUC18 and transformation as described above. Plasmids to be used for DNA sequence analysis were purified in large quantities by using the Magic miniprep system (Promega). Sequencing was performed with the AutoRead Sequencing Kit (Pharmacia LKB, Uppsala, Sweden) by using fluorescein-labeled universal and reverse primers for the pUC18 vector. Sequencing from PCR products was performed by a cycle-sequencing technique described by the manufacturer (Amersham) with a nested, fluorescein-labeled primer designed from the published IS256 sequence and purchased commercially (National Biosciences, Plymouth, Minn.). The sequence was determined with the Automated Laser Fluorescence DNA sequencer (Pharmacia). The nucleotide sequence was analyzed, and comparisons for homology were performed with the DNASTAR analysis program (DNASTAR, Inc., Madison, Wis.). Most of the region on one strand only was sequenced, with occasional small gaps (ca. 500 bp total) for regions within well-characterized sequences.
PCR amplification. PCR amplification was performed with preparations of genomic DNA by using custom primers (National Biosciences), thermostable DNA polymerase (Perkin-Elmer, Roche Molecular Systems, Branchburg, N.J.), and a Perkin-Elmer 9600 Thermal Cycler. PCR conditions varied depending on the primers used and the size of the anticipated product.
Inverse PCR was performed with selected ClaI restriction fragments containing the left end of IS256 and the flanking regions. The primers (256L and 256HL) used for inverse PCR of IS256-containing fragments were designed to amplify IS256-containing fragments after HindIII or ClaI digestion and religation as described previously (15) . Size-fractionated fragments were excised from agarose gels, purified with glass bead preparation (Geneclean), and ligated to themselves overnight at 14°C. The PCR mixture, including the primers, a 10-fold dilution of the ligation mixture, and appropriate buffers and enzymes, was prepared as specified by the manufacturer (Perkin-Elmer). The mixture was subjected to 25 PCR cycles (denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and amplification at 72°C for 60 s). PCR products of the appropriate size were ligated to pCRII, and ligation mixtures were used to transform E. coli DH5␣ as described above. Selection for transformed colonies occurred on LB agar with ampicillin (100 g/l) and X-Gal. White colonies were purified and examined for appropriate inserts. Nucleotide sequence determination and analysis were performed as described above.
Nucleotide sequence accession number. The terminal sequence from the Tn917 deletion insertion has been submitted to GenBank. The accession number is AF006008.
RESULTS AND DISCUSSION
Cloning of an internal 12-kb region of Tn5384. A 493-bp amplification product representing the IS256 flanking sequence internal to Tn5384 was obtained by inverse PCR with primers based on the known sequence of IS256 (15) . This amplification product was ligated to pCRII, and the resulting recombinant plasmid was designated pCWR126. The non-IS256 portion of this insert was sequenced and found to be Ͼ98% identical to the terminal 225 bp of the repE gene of plasmid pAM␤1 (14) . The IS256 sequence began 6 bp downstream of the stop codon for this gene. This information led us to investigate whether a complete replication region from a pAM␤1-like plasmid was present within Tn5384.
In pCWR12, Tn5384 is inserted within a 1-kb EcoRI fragment of the cryptic enterococcal plasmid pLRM1 (15) . EcoRI digestion of pCWR12 yields two Tn5384-containing fragments (there is a single EcoRI site within Tn5384). One fragment is 9 kb in length and has been described previously (15) . The other fragment is 18 kb in length and contains the erythromycin and gentamicin resistance determinants of Tn5384 (15) . Digestion of this 18-kb EcoRI fragment with ClaI yields five internal ClaI fragments. Two of these fragments represent the internal 2.5-kb region of the Tn4001-like element and the junction region cloned as pCWR126 (see above); no attempt was made to clone these fragments. The remaining internal ClaI fragments of 4.5, 3.8, and 3.2 kb were ligated to pUC18, and the resultant recombinant plasmids were designated pCWR262, pCWR260, and pCWR268, respectively (the positions of pCWR260 and pCWR268 are represented in Fig. 1B) . These fragments were further subcloned for sequencing as detailed in Table 1 . Restriction and hybridization studies revealed that the relative positions of the ClaI fragments within Tn5384 are as presented in Fig. 1 (data not shown) .
Replication genes within Tn5384. The nucleotide sequence of more than 95% of the 7.0-kb region shown to the right of the Tn4001-like element in Fig. 1 was determined. As noted above, the insert of pCWR126 possessed Ͼ98% sequence identity to the terminal portion of the repE gene of pAM␤1 from bp 4385 to 4610 of the published sequence (14) . Within the two contiguous ClaI fragments of Tn5384, we identified the remainder of the repE gene as well as complete open reading frames corresponding to the repC and repF genes of pAM␤1 (Ͼ95% sequence identity). Tn5384 does not contain an open reading frame corresponding to the repD gene of pAM␤1. pIP501, a broad-host-range plasmid with great similarity to pAM␤1, also lacks repD, suggesting that this gene is not essential for replication of broad-host-range plasmids (14) . The relative positioning of the Tn5384 open reading frames and the directions of transcription were similar to those reported for pAM␤1 and pIP501.
pAM␤1 replicates by a theta mechanism (2). One suggested mechanism for replication of these plasmids holds that the primer for the initiation of replication is formed by the continuation of transcription beyond the repE termination codon, with the RNA transcript serving as the primer for the initiation of replication. The origin of replication for pAM␤1 has been shown to be 26 bp downstream of the repE stop codon (bp 4631 of the reported pAM␤1 sequence) (2). The Tn4001-like element of Tn5384 is inserted at bp 4610 of the published pAM␤1 sequence (22) . The insertion of Tn4001 6 bp downstream of the repE termination codon would be expected to interrupt the normal replication of such a plasmid in this scenario (2) .
Outside of the Tn4001-like element forming the end of Tn5384 we did not identify a continuation of the broad-hostrange replication region. Instead, we identified an open reading frame with 72% nucleotide sequence identity with the first 150 bp of the putative relaxase gene from small, mobilizable staphylococcal plasmid pS194 (11) (12) (13) . Insertion of IS1216 has occurred near the terminus of the remnant of the relaxase open reading frame, roughly 4 kb from the terminus of Tn5384 (Fig. 1) . Hybridization studies also demonstrated that the nick site characteristically found on the small, mobilizable staphylococcal plasmid was present between the open reading frame and the terminus of Tn5384 (data not shown). These sequence data suggested that, rather than a continuation of the broadhost-range plasmid replication genes, the region flanking Tn5384 within Tn5385 contains sequences characteristic of VOL. 41, 1997 ENTEROCOCCAL TRANSPOSON Tn5384 1855
on August 27, 2017 by guest http://aac.asm.org/ small mobilizable staphylococcal plasmids. These data suggest that the Tn4001-like element was either part of the small, mobilizable plasmid, with the current position relative to the replication genes representing an integration and deletion event mediated by one of the two IS256 copies within the Tn4001-like element, or that Tn4001 had in fact inserted as an individual transposon, with subsequent insertion or deletion events mediated by the other copy of IS256 within the Tn4001-like element. Insertion of a Tn917 deletion derivative. Situated between the repF and repC open reading frames we identified a deletion derivative of a Tn917-like element, an enterococcal transposon conferring resistance to the macrolides, lincosamides, and streptogramin B (MLS B ). Insertion of this Tn917 derivative occurred within a region of 100% nucleotide sequence identity to the reported pAM␤1 replication region. A 5-bp duplication of the presumed target sequence (TTAAT; based on a previously reported replication gene sequence [22] ) was observed flanking both ends of the transposon, suggesting that insertion of a functional transposon (presumably, prior to the internal deletion) occurred by a Tn917-generated transposition event.
Sequence analysis of the Tn917 derivative revealed precise identity to the first 1,472 bp of Tn917, a region which encodes MLS B resistance (21) . A recombinant plasmid encoding this region (pCWR260) expressed increased resistance to erythromycin in E. coli, confirming the functioning of the resistance gene (data not shown). Downstream of the ermAM open reading frame, we identified a 3,791-bp deletion within the transposon. This deletion occurred across regions of homology between the internal and right-sided direct repeats contained within Tn917. A similar Tn917-like element with deletion of transposition genes has been reported previously (21) . The final 13 bp of Tn917 was present after the deletion.
IS257 and the mercury resistance operon. We previously reported that Tn5384 conferred mercuric chloride resistance in E. faecalis and that the region of the transposon to the right of the single EcoRI site contained an open reading frame identical to the organomercurial lyase gene (merB) of S. aureus adjacent to a copy of IS257 (15) . Sequence analysis of the region upstream of the repC gene in Tn5384 revealed a second insertion of IS257 within Tn5384. On the other side of this IS257 insertion we identified a ca. 1,800-bp region that sequence analysis suggests is an open reading frame with 70% sequence identity to a previously reported staphylococcal organomercurial reductase gene (merA) (7) and 60% identity with a similar gene reported from Bacillus spp. (merA) (24) . We have designated this putative open reading frame merX. At the present time we do not know whether merX contributes in an appreciable way to the expression of mercury resistance in enterococci.
The merX open reading frame is positioned between IS257 and a sequence previously reported from the staphylococcal mercury resistance operon from plasmid pI258 (7). Identity with the staphylococcal sequence begins abruptly downstream of the merX putative open reading frame, precisely at the point where one of the two copies of IS257 flanking the mercury resistance operons in staphylococcal plasmids was found in the previously reported sequence (7) . No inverted repeats flanking the merX region were identified, suggesting that the mercury resistance operon flanked by copies of IS257 in Tn5384 may represent a progenitor of the previously reported staphylococcal operon, prior to IS257-mediated deletion of merX. In pre- viously published work, we showed that the sequence adjacent to the IS257 copy flanking the other end of the mercury resistance operon also differed from the reported staphylococcal sequence (15) . The IS257 copy at the right end of the operon in Tn5384 was found to be inserted 256 bp closer to the merB gene than was reported for the mercury resistance operon in staphylococcal plasmid p1258 (15) . In summary, the left side of enterococcal composite transposon Tn5384 and the region flanking it within Tn5385 contain segments characteristic of staphylococci (IS257 and a potential relaxase-type gene remnant), enterococci (broad-host-range plasmid replication genes and IS1216), both genera (Tn4001-like element, Tn917-deletion derivative, and merA gene), and neither genus (merX, a novel putative open reading frame with homology to previously described mercuric reductase genes). Separating the sequences which are characteristic of enterococci and staphylococci are staphylococcal IS element IS257 and broad-host-range IS element IS256, suggesting the involvement of these mobile elements in the evolution of this interesting region.
The data presented in this paper offer compelling circumstantial evidence for the involvement of broad-host-range plasmids in the transfer of antimicrobial resistance genes from staphylococci to enterococci. The presence of apparently identical resistance genes and transposons in the two species has been cited in the past to suggest that genetic information may be exchanged between them. In addition, there have been reports of gene transfer from enterococci to staphylococci in experimental systems (10) . In the absence of direct evidence for a vehicle of exchange, however, it remained equally plausible that, in nature, the appearance of common resistance genes in enterococci and staphylococci represents not exchange between the two genera but acquisition of resistance genes from common sources.
These data also confirm that Tn5384 evolved as a result of cointegration of an enterococcal broad-host-range plasmid with staphylococcal ␤-lactamase and small, mobilizable plasmids. The presence of the staphylococcal IS IS257 between sequences characteristic of enterococcal and staphylococcal replicons suggests the involvement of this mobile element in at least one cointegration event. IS257 has recently been shown to mediate cointegration events between staphylococcal plasmids in an experimental system (9) . Interruption of the broad-hostrange replication genes by IS256 implicates this mobile element in further rearrangements of the internal structure of Tn5385. On the basis of the current structure, it would appear likely that the presence of IS256 within the replication region is an insertion and deletion event, since the continuation of the broad-host-range plasmid replication region has been lost. These data provide compelling support for the involvement of ISs in the evolution of antimicrobial resistance in enterococci, an importance which has only recently been recognized.
It appears unlikely that broad-host-range transfer genes are involved in the transfer of Tn5385 to enterococcal recipients, since we have no evidence that such genes are present within the element. The mechanism(s) by which the entire element transfers to enterococcal recipients is the subject of active investigation. identical to the genes found in enterococcal broad-host-range plasmids pAM␤1 and pIP501. ermAM represents the region of Tn5384 which encodes erythromycin resistance and is part of a Tn917-like deletion mutant. merX represents sequence exhibiting 70% homology to the merA gene from S. aureus and 60% homology to a similar gene from Bacillus spp. ClaI fragments designated pCWR126, pCWR268, and pCWR260 represent the cloned inserts examined in this study. The region homologous to the relaxase genes of small, mobilizable plasmids is marked, as is the approximate position of the nick site for these plasmids (identified by Southern hybridization [data not shown]). The position and direction of primers used for PCR amplification of this region (1216F, 307R, and 256LNested; see footnote a of Table  1 ) are indicated under the map.
